Background: Subarachnoid hemorrhage (SAH) is an impairment in mechanical intracranial vascular system. Traumatic factor such as head trauma may lead to SAH due to rupture of leptomeningeal vessels. The most common finding in non-traumatic SAH is aneurysm rupture or arteriovenous malformation. Vasospasm is one of the most complication found in SAH, along with rebleeding and hydrocephalus. It is a delayed and self-limited condition. Despite all of that, cerebral vasospasm related with worse outcome. Although numerous study has been conducted, the exact mechanism of this phenomenon remain poorly understood. Objective: This review underlines the pathophysiological review of cerebral vasospasm as complication of SAH in order to elucidate its mechanism and improve its treatment.
INTRODUCTION
Subarachnoid hemorrhage (SAH) is an impairment in mechanical intracranial vascular system, lead to the entry of blood to subarachnoid space.
1
Approximately 80% of subarachnoid hemorrhage caused by rupture of intracranial vascular aneurysm and 20% caused by head trauma or arteriovenous malformation (AVM). Impairment in internal elastic lamina or arterial walls generates aneurysm formation which could lead to rupture of the aneurysm. Most of the patients suffered with rupture aged 35 until 65 years old.
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Vasospasm is the most common complication in aneurysm SAH. It characterized by vasculopathy, autoregulation function disturbance, and hypovolemia, generate regional decrease of cerebral perfusion and lead to ischemia.
Radiological evidence showed that 50-70% of SAH develop with vasospasm. Vasospasm is a condition that resulted in worse clinical outcome for the patient. This condition gives 23% as the cause of SAH-related morbidity and mortality.
3

Subarachnoid Hemorrhage
Subarachnoid hemorrhage (SAH) is a bleeding into the space between brain and its lining (subarachnoid space). It is discovered most commonly in head trauma, caused by rupture of leptomeningeal vessels on the vertex or less commonly found in rupture of major cerebral blood vessels. 4 Non-traumatic factor also caused SAH, most commonly caused by aneurysm rupture or arteriovenous malformation (AVM).
The incidence of SAH reported to be stable. A relevant meta-analysis study showed the incidence of 10.5 per 100.000 each year. 5 The average of age which diagnosed with SAH generally less than other type of stroke, with its peak of more than 60 years old.
6, 7 The incidence of SAH in women 1.6 times greater than men and 2.1 times greater in black people compared with white people. Vascular aneurysm rupture involves 75% of cases with incidence of 6 cases per 100.000 people per year. Approximately 10% of intracranial AVM lead to SAH, occur 2 times greater in men and hemorrhage often occur in second until fourth decade of age, while the incidence may occur until 60 years old.
3
A significant modifiable risk factors for SAH include smoking, hypertension, and heavy consumption of alcohol. The case fatality rate was 32-67%.
8 Despite patient's recovery of hemorrhage, approximately one third of the patients become dependent with other persons.
Most of un-rupture intracranial aneurysms are asymptomatic. Rupture of aneurysm may lead to intracranial pressure elevation, resulting in sudden decrease of consciousness. The sudden decrease of consciousness most commonly preceded with a 2. Angiography should be done in non-traumatic subarachnoid hemorrhage with the purpose of detecting aneurysm, since rebleeding is possible. Neuroradiology intervention therapy could be done through angiography examination. Hemorrhage from aneurysm rupture may spread to brain parenchyma and further to ventricular system. Heavy bleeding of subarachnoid may disturb cerebrospinal fluid absorption, lead to hydrocephalus.
10
Several quantitative parameters to predict patient's outcome may be used as manual for intervention also explain the prognosis, such as Hunt and Hess scale. This scale is easy to use and often used in clinical practice (table 1). Higher score of Hunt and Hess scale indicates worse outcome. Even for its usefulness and ease to use, this scale also subject to several limitations, such as vaguely identified of clinical manifestation, makes it difficult to determine, also patient's comorbidity is not considered.
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Fisher grade used to classify subarachnoid based on the appearance of blood in head CT scan examination. It only uses radiologic imaging (table 2) . Patient with fisher grade of 3 or 4 had risk of worse outcome. This scale greatly affected by variability and not considering patients' clinical condition.
Ogilvy and carter system (table 3) combine clinical data, demography, and radiology, also ease to use and comprehensive to determine the prognosis of the patients with surgery intervention.
Cerebral Vasospasm
Three most common complication in aneurysm subarachnoid hemorrhage (aSAH) are rebleeding, vasospasm, and hydrocephalus. Rebleeding may occur in 20% of cases within the first two weeks after initial hemorrhage if intracranial aneurysm was not treated. The highest risk is in first 24 hours and management with surgery or embolization intervention is needed. Cerebral vasospasm is late complication often occur in subarachnoid hemorrhage. It also related with the amount of blood in subarachnoid space.
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Cerebral vasospasm is a delayed condition and self-limited. This condition caused by exposure of brain blood vessels with blood in subarachnoid space, most commonly resulted from aneurysm rupture. Cerebral vasospasm occurs 4-14 days after SAH, with peak of incidence of 6-10 days. Major proximal blood vessels are the most frequent location of vasospasm, seen from most of intracranial aneurysm located in circle of willis. Volume, density, and duration of blood in subarachnoid space is an important clinical predictor of vasospasm. Vasospasm of main cerebral blood vessels known as major contributor of delayed neurological deterioration in patients with SAH. The worsening condition of patients also known as delayed neurological deficits (DIND) or delayed cerebral ischemia (DCI). Vasospasm also play a major role in decrease of cerebral blood flow, beside diminish intravascular volume and deterioration of cerebral autoregulation, which lead to delayed ischemic injury.
13,14
13
Approximately 70% of aSAH showed angiography evidence of vasospasm but only 40% manifest clinical signs. About 30% fall into DCI and 20% of patients are death or severe deficit as a result of vasospasm.
The exact pathophysiology of vasospasm remains unclear. Various mechanism involved activation of inflammation pathway, oxidative stress, electrolyte changes, and apoptosis activation.
15
The Role of Hemoglobin in vasospasm
Hemoglobin, as a result of subarachnoid clot, caused arterial narrowing through various mechanisms that still unclear. Several matters that involved in those mechanisms are neuronal apoptosis, NO production deterioration, endothelin 1 elevation, oxidative stress in smooth muscle cells, free radical formation and cell membrane lipid peroxidation, alteration of potassium and calcium channel, and increase of gens regulation.
16
Research nowadays focus on the role of oxidative stress to induce vasospasm. 17 This mechanism occurs through direct activation of calcium channel in smooth muscle cells and vasoactive proteins or through covalent modification by reactive oxygen species (ROS), which produces vasoactive molecules. ROS works by arachidonic acid to produce vasoactive lipids, lead to blood vessels contraction. Other vasoactive molecules are bilirubin oxidation product (figure 1), produce from oxidative process by oxidative stress. The location of oxidation however still remained unclear. 
ORIGINAL ARTICLE
On figure 1 , the end product of blood by SAH is bilirubin-oxidized fragments (BOXes). Research done by Clark et al found that: 1). Molecules in cerebrospinal fluid of patients with vasospasm after SAH that have consistent structure with BOXes; 2). BOXes induce vasoconstriction in vitro; 3). BOXes induce vasoconstriction in vivo on research with mice; 4). There is correlation between BOXes concentration and the occurrence of vasospasm in preliminary study on patient with SAH. The important process that produced BOXes are heme formation from blood and oxidation by free radicals. The dotted line that located between heme and oxidation of bilirubin in the figure indicates uncertain pathway of BOXes formation.
16
Oxidative stress that occur in subarachnoid space also activates protein kinase C and Rho kinase, evoke smooth muscle cells contraction. Activation of protein kinase C delta mediates vascular contraction which triggered by Rho kinase (figure 1). It also induces proliferation and growth of blood vessels' smooth muscle cells. This mechanism explains phenotype changes and smooth muscle remodeling of blood vessels that occur in vasospasm.
18
Rho kinase and Rho A activate myosin light chain (MLC) phosphorylation directly. Rho kinase and Rho A inhibit MLC phosphatase, resulting in long duration of MLC phosphorylation. PKC delta also activated by Rho A, which further increase smooth muscle cells contraction of blood vessels. While PKC alpha directly activates smooth muscle cells contraction of blood vessels. PKC delta also inhibits caldesmon activity through caldesmon phosphorylation. Caldesmon is a regulatory protein that located in actin, contribute to relaxation of smooth muscle cells of blood vessels (release actin and MLC).
16
Endothelin 1 and nitric oxide
Endothelin 1, isolated from pig's endothelial cells in 1988, 19 is a protein which cause vasoconstriction. Elevation of endothelin 1 levels in cerebrospinal fluid of the patient and animal experiments with vasospasm has been reported in various study.
20,21
Oxyhemoglobin lead to the increase of endothelin 1 production from endothelial cells. Moreover, astrocytes will produce endothelin 1 as the response of ischemia and subarachnoid space-infiltrating leucocytes that occur after SAH. Cerebral arteries also more sensitive to endothelin 1, that cause increased cerebrovascular tone.
22
Inhibition of relaxation lead to narrowing of the arteries. Therefore, nitric oxide (NO), as a strong endogenous vasodilator, had strong influence in the mechanism of cerebral vasospasm. The subside of NO synthase neuronal activity in spasm arteries and endothelial NO synthase dysfunction in cerebral blood vessels after SAH showed that the importance of NO in narrowing of arterial blood vessels (figure 5).
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Figure 2 Membrane abberation in SAH patients that lead to vasoconstriction
ORIGINAL ARTICLE
Nitric oxide (NO) and endothelin 1(ET-1) produced from endothelial cells as a response toward change of transmural pressure, CO 2 and O 2 concentration, ischemia, or the presence of hemoglobin. NO (vasodilator) and ET-1 (vasoconstrictor) regulate blood vessels tension through smooth muscle cell walls. Nitric oxide stimulates guany(ly)l cyclase, resulted in 3,5' cyclic guanosine monophosphate elevation and MLCs dephosphorylation, smooth muscle cells hyperpolarization, and calcium channel closure that lead to vasodilatation and increase of blood flow. Decrease of NO concentration makes blood vessels dilatation not occur. While ET-1 is a post-translation modification of pre-pro-ET-1. Endothelin 1 works on smooth muscle via its two receptors, ETA and ETB. ETA is the most frequently found ET-1 receptors in smooth muscle cells and its stimulation lead to constriction of smooth muscle. Endothelin 1 that binds with ETA receptor produce diacylglycerol and inositol 1,4,5-triphosphate. These molecules will directly increase intracellular calcium concentration or via protein kinase C signaling pathway, lead to vasoconstriction and reduction of blood flow.
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Membrane aberration and vasospasm
Another theory that explain vasospasm after SAH is an abnormal function of cell membrane. Study showed that there are changes in the function of smooth muscle cells, that is the increase of Ca 2+ influx with vasoconstriction and CBF reduction.
23
Normal cerebral artery only exhibit L-type voltage dependent Ca 2+ channels, coded via CaV 1.2 gene. After SAH, other type of Ca 2+ channels were found, which is R-type voltage dependent Ca 2+ channels. 24 This makes calcium influx increase and vasoconstriction.
Beside from the increase of calcium channel expression (L-type and R-type), its activity also increases as the result of membrane depolarization. Membrane depolarization occur caused by KV channel (voltage-dependent K + channel) endocytosis, mediated by tyrosine kinase, and reduction of K + BK channel activity. Increase of cytochrome P450 metabolite levels, which is 20-hydroxyeicosatetraenoic acid (20-HETE), responsible for the slope of K + BK channel activity. 25 The increase in calcium channel, both for its expression and activity, resulted in the increase of calcium influx that lead to vasoconstriction (figure 6).
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CONCLUSION
Vasospasm is one of the most common complication of SAH. It is a delayed complication which should be handled comprehensively. Despite various research concerning mechanism of vasospasm has been conducted, its exact mechanism still remains poorly understood. Numbers of theory has been explained, such as hemoglobin degradation, free radicals, oxidative stress, vasoactive molecules, and membrane cell repairmen. Despite all of that theory, other molecules estimated have significant roles to induce vasospasm. Research on the other molecules which responsible to induce vasospasm should be initiated in order to treat the patients effectively. The use of animal models may elucidate its mechanism, leading to improvement for treatment.
